Heterogeneous metal complex catalysts for direct C-H activation with high activity and durability have always been desired for transforming raw materials into feedstock chemicals. This study described the design and synthesis of one-dimensional organosilica nanotubes containing 2,2 0 -bipyridine (bpy) ligands in the framework (BPy-NT) and their post-synthetic metalation to provide highly active and robust molecular heterogeneous catalysts. By adjusting the ratios of organosilane precursors, very short 
Introduction
The C-H activation reaction is a key reaction for the functionalization of organic compounds, which can convert raw materials or low-valued materials into feedstock and practical chemicals.
1 Among various strategies developed to achieve this challenging goal, C-H activation catalyzed by homogeneous metal complexes has become a hot research topic in modern synthetic chemistry. Enormous progress has been made on the design and synthesis of efficient homogeneous catalysts such as Fe, 2 Ir, 3 Rh, 4 Pd, 5 and Ag. 6 Considering the future practical applications and cost reductions, 7 immobilization of homogeneous metal complexes on solid supports is important for catalyst recovery and reuse. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Moreover, heterogenization has the ability to improve the stability of the catalysts as it suppresses deactivation caused by intermolecular pathways. Molecular heterogeneous catalysts also provide the facility to understand the nature of the active species, which can help to carry out mechanistic studies and optimize reaction activities through the ne-tuning of electronic or spatial effects in the molecules.
Recently, molecular heterogeneous catalysts have attracted signicant research interest for C-H activation using various solids as supports, such as polymer, 18 metal-organic frameworks (MOFs), 19 and silica-based materials. 11, [20] [21] [22] For example, Lin et al. synthesized UiO-type MOFs with 2,2 0 -bipyridine (bpy)
as an orthogonal functional fragment to form solid catalysts for both borylation of C-H bonds and ortho-silylation of benzylic silyl ethers. 19 Moreover, Inagaki et al. and Copéret et al. reported an original solid, periodic mesoporous organosilicas (PMOs) with bipyridine ligands in the framework, as a unique platform for heterogeneous C-H borylation, which showed superior activity towards the homogeneous C-H borylation. [20] [21] [22] However, with continuous reuse of the catalysts, the reaction activity gradually decreased because of the collapse of the material structure, which was also observed in the water oxidation reaction by these PMOs. 23 Therefore, the development of novel stable scaffolds is still required for practical applications.
Organosilica nanotubes have been prepared from bridged organosilane precursors using a simple micelle-templating approach.
24-27 These nanotubes with mesoporous diameters have distinct advantages including incorporation of various organic functionalities into the nanotube frameworks, high surface areas, easy access to active sites in the tubes, and connement effects inside the cavity. We have recently synthesized organosilica nanotubes embedded with 2,2 0 -bipyridine chelating ligands 24b due to their importance in coordination and supramolecular chemistry. [28] [29] [30] The length of the nanotubes was about several micrometers and we envisaged cropping of the long nanotubes to eliminate diffusion limitation as much as possible in heterogeneous catalysis.
This study described the design and synthesis of short organosilica nanotubes with 2,2 0 -bipyridine ligands in the frameworks (BPy-NT); these nanotubes were prepared from organosilanes and their synthesis was easier than that reported in our previous study 24b (Scheme 1); moreover, they exhibited improved structural stability and facilitated the diffusion of reactants or products in the channels. The length of BPy-NT could be facilely controlled by adjusting the proportion of bipyridine-to benzene-bridged precursors. The shortest BPy-NT was only $40 nm in length with a pore diameter of $6 nm. Using these unique bipyridine-incorporated nanotubes as a support, we synthesized two types of molecular heterogeneous solid catalysts, IrCp*-BPy-NT (Cp* ¼ h 5 -pentamethylcyclopentadienyl) and Ir(cod)-BPy-NT (cod ¼ 1,5-cyclooctadiene), through postsynthetic metalation of BPy-NT with iridium precursors; these solid catalysts were characterized via physicochemical analysis. The C-H oxidation of heterocycles and cycloalkanes as well as directed C-H borylation of arenes reveal that the Ir-immobilized molecular heterogeneous nanotube catalysts have very high initial catalytic activities, comparable to those of the analogous homogeneous catalysts. Furthermore, the nanotube-constructed Ir catalysts exhibited signicantly improved durability and recyclability, owing to the suppression of Ir-complex decomposition and aggregation pathways.
Results and discussion

Synthesis and characterization of BPy-NT
The bipyridine precursor (1) was prepared via a one-step process from commercially available reagents (Scheme 1a).
4,4
0 -Dimethyl-2,2 0 -bipyridine was rst converted via regioselective lithiation of diisopropylamine to CH 2 À anionic group and subsequently reacted with (3-chloropropyl)trimethoxylsilane to obtain the bipyridine precursor (1). The organosilica nanotubes containing bipyridine ligands were synthesized by the hydrolysis and co-condensation of bipyridine-bridged precursor (1) and 1,4-bis(triethoxysilyl) benzene (2) under acid conditions in the presence of P123 [(EO) 20 (PO) 70 (EO) 20 ] as the template agent. The templateextracted nanotubes were denoted as BPy x -NT [x ¼ 0.1, 0.2, and 0.3, corresponding to the molar ratio of the precursor (1) to (2) in the initial synthesis] (Scheme 1b). Fig. 1 shows the transmission electron microscopy (TEM, ac) and scanning electron microscopy (SEM, d-f) images of BPy x -NT with different molar ratios of bipyridine-to benzene-bridged precursors. The TEM images clearly indicated that these materials were composed of nanotubes with the inner diameter of $6 nm and wall thickness of $3 nm. The SEM images further conrmed that these nanotubes were successfully synthesized on a large scale. Note that the nanotubes could be cut short via adjusting the molar ratios of bipyridine-to benzene-bridged precursors during the synthetic process. When the molar ratio was 3 : 7, short nanotubes with the length of 40-60 nm were obtained ( Fig. 1c and f) . To date, these short organosilica nanotubes have not been successfully synthesized from bridged organosilanes.
Nitrogen adsorption-desorption isotherms of BPy x -NT are type IV with a hysteresis loop at the relative pressures P/P 0 ¼ 0.5-0.7, which are typical for mesoporous materials (Fig. 1g) . The UV/vis spectra of BPy x -NT (Fig. 1h ) displayed two main absorption peaks at around l ¼ 270 and 315 nm, corresponding to the absorption of benzene and bipyridine groups, respectively. These results indicate that mesoporous organosilica nanotubes with bipyridine ligands in the frameworks were successfully synthesized.
Synthesis and characterization of IrCp*-BPy x -NT
The direct immobilization of an iridium-Cp* complex on the nanotube walls was carried out by adding BPy x -NT to a solution of [IrCp*Cl(m-Cl)] 2 in anhydrous ethanol under a nitrogen atmosphere (Scheme 2), and the dried samples were named as IrCp*-BPy x -NT (x ¼ 0.1, 0.2, and 0.3). Energy-dispersive X-ray (EDX) spectrum shows that the Ir loadings were 0.17, 0.18, and 0.19 mmol g À1 for IrCp*-BPy 0.1 -NT, IrCp*-BPy 0.2 -NT, and IrCp*-BPy 0.3 -NT, respectively, which were also conrmed by ICP measurements (Table S1 †) . Via CHN elemental analysis, the Ir/ bpy molar ratios were determined to be 0.40, 0.25, and 0.17. The nanotube structure was maintained aer loading the iridium-Cp* complex, as shown in Fig. 2a 
IrCp*-BPy x -NT-catalyzed C-H oxidation
Catalytic performance of the as-prepared molecular heterogeneous solid IrCp*-BPy x -NT catalysts for C-H oxidation of tetrahydrofuran (THF) was investigated using NaIO 4 as the oxidant at room temperature. According to earlier reports, 3a,b,c THF was rst oxidized to an intermediate, 2-hydroxyl tetrahydrofuran, and then oxidized to the products butyrolactone and succinic Table 1 ). Note that the initial TOF of IrCp*-BPy 0.3 -NT was comparable with that of the homogeneous catalyst (1.7 min À1 ) and signicantly higher than those of IrCp*-BPy 0.1 -NT and IrCp*-BPy 0.2 -NT. The higher activity of IrCp*-BPy 0.3 -NT could be primarily attributed to the shorter tube length, which can reduce the diffusion limitation and facilitate the transport of reactants and products during the reactions. Furthermore, the yields of butyrolactone and succinic acid reached upto 12.8% and 9.5%, respectively, three times higher than those of IrCp*-homo (3.8% & 2.7%) within 3 hours (Table 1) . For comparison, [IrCp*Cl(bpy)] + complex was immobilized on bipyridine-graed nanotubes through a graing method (Scheme 4a and Fig. S10-13 †) . However, the graed iridium complexes IrCp*-Gbpy-NT exhibited lower TOF (0.7 min À1 ) and yield than IrCp*-BPy x -NT (Table 1 ). The lower activity of IrCp*-Gbpy-NT can be attributed to the non uniformity of the catalytic sites in the nanotubes and undesirable interactions of the metal Ir active center due to the protrusion of iridium complexes into the nanotube channels. We also examined the heterogenization of the homogeneous [IrCp*Cl(bpy)]Cl complex on the conventional mesoporous support benzene-bridged mesoporous organosilicas (B-SBA-15) (Scheme 4b and Fig. S14-18 †) . This heterogeneous catalyst exhibited lower TOF (0.9 min À1 ) than IrCp*-BPy 0.3 -NT, possibly because of the diffusion effects in SBA-15. The abovementioned results demonstrate that the novel BPy-NT can effectively reduce the diffusion limitation and facilitate the transport of reactants and products during the Scheme 4 Schematic of (a) IrCp*-Gbpy-NT and (b) IrCp*-BPy-SBA-15. reactions due to the uniform short nanotube structure and the large pore diameter. By further extending the reaction time to 24 h ( Fig. 5a and entry 1 in Table 2 ), the conversion of THF reached up to 95.8% with the yields of 34.1% of butyrolactone and 55.7% of succinic acid for IrCp*-BPy 0.3 -NT. Moreover, IrCp*-homo presented only 48% conversion with the yields of 5.9% of butyrolactone and 3.3% of succinic acid. The mass spectrum (MS) (Fig. S35 †) revealed that the peak of IrCp*-homo molecule at 519 disappeared aer the reaction, indicating the total decomposition of the homogeneous catalyst into inactive species, which caused the deactivation of IrCp*-homo.
3a,b On contrary, IrCp*-BPy 0.3 -NT remained active and more amounts of products were obtained. BPy-NT has the potential of suppressing unfavourable interactions and aggregation of Ir active centers due to isolated binding of metals on well-dened surface.
The reusability of IrCp*-BPy 0.3 -NT was investigated at 24 h intervals. Aer the reaction, IrCp*-BPy 0.3 -NT was reused for the next run and the solid catalyst retained high catalytic activity (Fig. 5b and c) . For the 5 th recycle, TON was still retained at around 115 with the high yields of 32.7% of butyrolactone and 45.6% of succinic acid. Aer recycling, the solid catalyst was removed from the reaction and the solid-free solution obtained was colorless (Fig. S36a †) , indicating that the Ir complex was rmly coordinated with BPy-NT without leaching of Ir species, which was also conrmed by ICP analysis. In addition, the ltration experiment was conducted to examine if the solid catalyst was truly heterogeneous (Fig. 5d) . Aer stirring the reaction system for 5 h, a conversion of 52% was achieved and the solid catalyst was ltered off from the reaction mixture under a nitrogen atmosphere; the remaining solution was stirred for another 19 h. The conversion of THF had no prominent increase, thereby indicating that the reaction completely ceased and the catalytic activity indeed originated from IrCp*-BPy 0.3 -NT. These results suggest that IrCp*-BPy 0.3 -NT has high stability and no leaching of Ir species occurred. In contrast, the homogeneous catalyst showed almost no catalytic performance aer recycling (Fig. 5b) .
To further understand the origin of the active sites in IrCp*-BPy 0.3 -NT, the recovered catalyst was characterized by TEM, SEM, nitrogen adsorption, UV-vis, XPS, and solid-state NMR spectroscopy (Fig. S36-42 †) . TEM and SEM images show the intact nanotube structure even aer the 5 th recycle, indicating that the support was stable for C-H oxidation ( Fig. S36b and c †) . The UV/vis spectrum of IrCp*-BPy 0.3 -NT aer the reaction shows two peaks at around l ¼ 360 and 440 nm originating from the [IrCp*Cl(bpy)] + complex, which could testify the rm coordination of Ir with bipyridine ligands (Fig. S38 †) . XPS data revealed that the valence state of Ir aer the reaction was III (Fig. S39 †) . The 13 C CP MAS NMR spectrum shows a gradual decrease in the signals of the Cp* rings (9 and 90 ppm) with an increase in number of recycle times because of the oxidative decomposition (Fig. S40 †) , which was also found during the water oxidation reaction catalyzed by [IrCp*Cl(bpy)] + complex.
23
The EDX analysis results show uniform distribution of iridium on BPy-NT, suggesting no formation of iridium oxide particles (Fig. S41 †) . Furthermore, the framework composed of bipyridine and benzene was quite stable during the reaction, as observed from the 29 Si MAS NMR spectrum (Fig. S42 †) .
To verify the universality, the nanotube catalytic system was examined using different substrates such as cyclohexane, ethylbenzene, pyrrolidine, and cyclooctene (entry 2-5 in Table 2 ). Particularly, IrCp*-BPy 0.3 -NT could catalyze cyclohexane activation with a high conversion of 99.7%. The yields for cyclohexanone and cyclohexanol were attained as 20.1% and 21.3%, respectively (entry 2 in Table 2 ). Cyclooctene epoxidation to cyclooctene oxide with a high conversion of 93.4% and yield of 58.8% was observed by IrCp*-BPy 0.3 -NT (entry 3 in Table 2 ). Moreover, pyrrolidine could be oxidized to 2-pyrrolidinone with 11.3% conversion and 3.0% yield (entry 5 in Table 2 ), while IrCp*-BPy 0.3 -NT did not show any activity in the homogeneous system. BPy 0.3 -NT gave a high yield of 97% for benzene borylation, which was signicantly higher than those obtained using the homogeneous catalyst Ir(cod)-homo (82%), graed catalyst on organosilica nanotubes Ir(cod)-Gbpy-NT (68%) (Fig. S22-25 and Scheme S1 †), and incorporated catalyst on mesoporous organosilicas Ir(cod)-BPy-SBA-15 (80%) (Fig. S26-30 and Scheme S2 †) (entry 1-4 in Table 3 ). Fig. 6a shows the reaction kinetics for directed benzene borylation using different catalysts. Ir(cod)-BPy 0.3 -NT exhibited high initial reactivity similar to that of the homogeneous catalyst, indicating little diffusion limitation in the short nanotube channels. Furthermore, Ir(cod)-BPy 0.3 -NT performed constant high activity during the reaction until B 2 (pin) 2 was used up, whereas the reaction catalyzed by the homogeneous catalyst and graed Ir(cod)-Gbpy-NT almost ceased aer 3 h due to the deactivation of the catalysts. 21 The incorporated catalyst Ir(cod)-BPy-SBA-15 showed lower reaction rates than Ir(cod)-BPy 0.3 -NT. This could be due to the diffusion limitation in SBA-15. These results further demonstrate the advantages of BPy 0.3 -NT due to the isolated active sites as well as the fast transport in the nanotube channel.
The reusability of Ir(cod)-BPy 0.3 -NT for benzene borylation was examined at 4 h intervals (Fig. 6b) . The recovered solid catalyst still exhibited high catalytic activity (82% yield) with a slight loss in the product yield aer the 10 th recycle, which was due to the unavoidable catalyst loss during the ltration and washing process. However, the homogeneous catalyst showed almost no reaction activity for the recycling because of deactivation. 21 The total TONs for Ir(cod)-BPy 0.3 -NT aer the 10 th reuse could reach upto 900, 16 times higher than that of the homogeneous catalyst (54, Fig. 6c ). The heterogeneity of Ir(cod)-BPy 0.3 -NT was also conrmed by the ltration experiment (Fig. 6d) . The analysis of the recovered catalysts by TEM, SEM, and nitrogen adsorption ( Fig. S43 and S44 †) indicated that the nanotube structure was intact during the reactions. UV-vis and 13 C CP MAS NMR ( Fig. S45  and S46 †) show the almost intact structure of the active site in Ir(cod)(OMe)(bpy). The uniform distribution of iridium analyzed by EDX indicates no aggregation of molecular catalysts (Fig. S47 †) . 29 Si MAS NMR spectrum shows no formation of Q sites, thereby suggesting that the framework composition was stable even aer the 10 th recycle (Fig. S48 †) .
The nanotube catalytic system also exhibited high catalytic activities for C-H borylation of various types of benzene derivatives (entry 5-11 in Table 3 ). Note that Ir(cod)-BPy 0.3 -NT could effectively catalyze C-H borylation of substrates with large molecular sizes to high yields in less reaction time, when compared to MOFs, 19b because of the large pore diameter (5 nm) of the nanotubes than that of the MOFs (ca. 1 nm).
Conclusions
In conclusion, the original organosilica nanotubes containing iridium-bipyridine complexes IrCp*-BPy-NT or Ir(cod)-BPy-NT were obtained respectively by the post-synthetic metalation of BPy-NT with Ir complex precursors [IrCp*Cl(m-Cl)] 2 or [Ir(cod)(OMe)] 2 . The molecular heterogeneous Ir-based catalysts were successfully applied in the heterogeneous catalytic C-H oxidation and C-H borylation reactions, which showed high catalytic activity and durability owing to the effective suppression of iridium-bipyridine complex aggregation as well as fast transport in short nanotubes. The characterizations for Ir-BPy x -NT aer the reactions indicated that the active species had a molecular structure, not as that of iridium oxide or iridium nanoparticles. These results demonstrate the potential of BPy-NT with a short length as a heterogeneous solid support and an integration platform for the heterogeneous catalysis systems of organic transformations.
